Background/Aims: Although the association between intrapulmonary shunt (IPS) and liver cirrhosis is clear, data of repeated contrast echocardiography (CE) before and after liver transplantation (LT) to evaluate factors associated with IPS are limited. Methods: Hand-agitated saline was used for CE and, by assessing left-chamber opacification, IPS was classified as grade 0 to 4. Grade 3/4 constituted significant IPS and hepatopulmonary syndrome (HPS) was defined as significant IPS with the arterial partial pressure of oxygen < 70 mmHg. Results: Before LT, 253 patients underwent CE and the frequency of significant IPS and HPS were 44% (n = 112) and 7% (n = 17), respectively. Child-Pugh score (odds ratio [OR], 1.345; 95% confidence interval [CI], 1.090 to 1.660; p = 0.006) and arterial oxygen content (OR, 0.838; 95% CI, 0.708 to 0.991; p = 0.039) were independent determinants of significant IPS, whereas direct bilirubin (OR, 1.076; 95% CI, 1.012 to 1.144; p = 0.019) was the only variable associated with HPS. Among 153 patients who underwent successful LT, repeated CE was performed in 97 (63%), which showed significant reductions in IPS grade (from 2.6 ± 1.0 to 1.2 ± 1.3, p < 0.001) and the prevalence of significant IPS (from 56% to 20%, p = 0.038). After adjustment for pre-LT IPS grade, time from LT to repeated CE presented negative linear relationship with post-LT IPS grade (r 2 = 0.366, p < 0.001) and was the only determinant of post-LT IPS grade (OR, 1.009; 95% CI, 1.003 to 1.014; p = 0.004). Conclusions: Repeated CE is useful to evaluate intrapulmonary vascular change before and after LT. Reversal of IPS after successful LT is time-dependent and follow-up duration should be considered for accurate assessment of IPS after LT.
INTRODUCTION
Hepatopulmonary syndrome (HPS) represents pathological pulmonary vascular alterations in patients with end-stage liver cirrhosis (LC) and significant intrapulmonary shunt (IPS) is believed to be a cause of this potentially fatal complication [1] [2] [3] . Contrast-enhanced transthoracic echocardiography using hand-agitated saline (cTTE) is a well-established diagnostic method for detection of IPS [4] [5] [6] . The cTTE has been used for clinical investigation to evaluate the incidence and risk factors associated with development of significant IPS [7] [8] [9] [10] . It has been reported that successful liver transplantation (LT) can result in complete reversal of sig-www.kjim.org https://doi.org/10.3904/kjim.2017.152 nificant IPS or HPS [11] [12] [13] . However, these observations are based on a few clinical studies with relatively small numbers of patients or case reports. Systematic clinical investigations using follow-up cTTE after successful LT for a relatively large numbers of patients are limited. We investigated the outcome of significant IPS after LT and evaluated the factors determining significant IPS before and after successful LT.
METHODS Patients
From May 2012 to April 2015, all eligible LT candidates were prospectively screened at Asan Medical Center. According to the protocol approved by our Institutional Review Board (2018-0100), patient eligibility was assessed and written informed consent was obtained from all patients. We included all patients with LC and adequate echocardiographic quality. Patients with intracardiac shunt, symptomatic heart failure, active pneumonia, or significant lung disease were excluded. A total of 253 patients including 123 patients with hepatocellular carcinoma were included in this analysis.
Contrast echocardiography
All patients underwent cTTE using Philips IE 33 system (Philips Medical Systems, Andover, MA, USA) equipped with a 2.5-mHz transducer. A baseline two-dimensional apical four-chamber view was acquired and hand-agitated saline was used for cTTE. Intravenous access with a three-way stopcock was made on the antecubital vein before examination. To generate micro-bubbles, two sterile syringes filled with normal saline and air (8 and 2 mL, respectively) were connected through the three-way stopcock and pushed alternatively for 10 to 15 seconds. A transducer was placed in a stable position for > 15 seconds after injection of hand-agitated saline and repeated injections of hand-agitated saline were performed to acquire adequate image contrast. The presence of IPS was defined as the appearance of a microbubble in the left atrium (LA) during three to six cardiac cycles after opacification of the right atrium.
Depending on the degree of left heart chamber opacification, IPS was classified as grade 0 (none), grade 1 (small amount of bubbles within LA), grade 2 (bubbles occupying half of the LA), grade 3 (bubbles occupying more than half of the LA), and grade 4 (bubbles occupying both LA and left ventricle) (Fig. 1) . Patients with grade 3 or 4 IPS were defined to have significant IPS. All the echocardiographic images were reviewed by two independent experienced cardiologists (X.J. and J.K.S.). IPS severity was determined on the basis of the consensus of these two reviewers. In addition, HPS was defined as significant IPS with the arterial partial pressure of oxygen < 70 mmHg.
Statistical analysis
Categorical variables were presented as numbers and percentages and continuous variables were expressed as mean ± standard deviation (SD). Variables were compared using the Fisher exact test or Student t test, as appropriate. Binary logistic regression models were used to assess the independent factors associated with the presence of significant IPS and HPS before and after LT. Spearman's rank correlation coefficient was used to identify and test the strength of the relationship between Child-Pugh score and IPS severity before LT.
Linear regression was used to study the relationship between post-LT IPS severity and follow-up duration, which was adjusted for pre-LT IPS grade. Kaplan-Meier analysis with log rank tests were used for the comparison of survival curves. Cox regression analysis was used to find factors associated with survival in patients who did not undergo LT. A p value of < 0.05 was considered statistically significant. SPSS version 20 (IBM Co., Armonk, NY, USA) was used for statistical analysis.
RESULTS

Contrast echocardiography before LT
A total of 253 patients underwent baseline cTTE. IPS of any grade was present in 212 patients (84%), and 112 (44%) had significant IPS (grade 3/4 = 66/46). Patients with significant IPS were characterized by a higher Child-Pugh score (9.1 ± 2.2 vs. 7.5 ± 2.2, p < 0.001), lower age (53 ± 10 years vs. 56 ± 9 years, p = 0.013), longer prothrombin time (1.6 ± 0.5 vs. 1.4 ± 0.4, p < 0.001), lower hemoglobin levels (10.9 ± 2.1 g/dL vs. 11.9 ± 2.2 g/dL, p < 0.001), lower platelet levels (74 ± 42 10 3 /mm 3 vs. 87 ± 50 10 3 /mm 3 , p = 0.020), lower albumin levels (2.8 ± 0.6 g/dL vs. 3.1 ± 0.7 g/dL, p < 0.001), higher total bilirubin levels (6.2 ± 8.8 mg/dL vs. 3.6 ± 6.5 mg/dL, p = 0.010), and lower arterial oxygen content (CaO 2 ) (13.9 ± 2.4 mL/dL vs. 15.9 ± 2.9 mL/dL, p < 0.001) than those without significant IPS (Table 1) . A significant positive relationship was found between Child-Pugh score and IPS severity (p < 0.001) (Fig. 2 ). In the univariate analysis, age, Child-Pugh score, albumin, total and direct bilirubin, and CaO 2 were associated with the presence of significant IPS. (Table 2) . Before LT, arterial blood gas analysis was done in 115 patients and HPS was present in 17 patients (14.8%). Patients with HPS were characterized by prolonged prothrombin time (1.8 ± 0.7 vs. 1.5 ± 0.5, p = 0.048), lower albumin level (2.7 ± 0.3 g/dL vs. 2.9 ± 0.6 g/dL, p = 0.022), higher Child-Pugh score (9.8 ± 2.0 vs. 8.7 ± 2.3, p = 0.053), and higher direct bilirubin (8.2 ± 11.4 mg/dL vs. 3.2 ± 5.7 mg/dL, p = 0.099). Binary logistic regression analysis showed that direct bilirubin level was the only independent factor associated with HPS (OR, 1.076; 95% CI, 1.012 to 1.144; p = 0.019) ( Table 3) . The
IPS after LT
During the study period, a total of 153 patients (60%) underwent successful LT, and among them, follow-up cTTE was performed in 97 (63%) between 6 and 952 days after LT (median, 255 days). Both IPS grade (from 2.6 ± 1.0 to 1.2 ± 1.3, p < 0.001) and the prevalence of significant IPS (from 56% to 20%, p = 0.038) decreased significantly after LT (Fig. 3) . After adjustment for the pre-LT IPS grade, linear regression revealed a negative relationship between the post-LT IPS grade and follow-up duration (r 2 = 0.366, p < 0.001) (Fig. 4) . Among 54 patients with significant IPS before LT, follow-up cTTE showed disappearance of significant IPS in 39 (72.2%). These patients were characterized by longer follow-up duration (319 ± 258 days vs. 88 ± 111 days, p < 0.001) than those who showed persistent significant IPS. Among patients who did not undergo LT, the survival rate was lower in those with significant IPS, whereas significant IPS did not affect survival in those who underwent LT (Fig. 5) .
Cox regression analysis confirmed that significant IPS (hazard ratio [HR], 3.432; 95% CI, 1.096 to 10.748; p = 0.034) and direct bilirubin (HR, 1.074; 95% CI, 1.003 to 1.150; p = 0.041) were independently associated with mortality in patients who did not undergo LT (Table 4) .
DISCUSSION
In this study using the data collected in a tertiary referral hospital with a very active LT program, we found that lower CaO 2 and higher Child-Pugh score were independent risk factors associated with development of significant IPS before LT. Significant IPS was observed up to 12 months after LT and time-dependent reversal of IPS was characteristic. The follow-up time from LT to repeated cTTE was the only independent variable associated with post-LT IPS grade, suggesting that consideration of a time component is absolutely necessary in the interpretation of the results of repeated contrast echocardiography after LT. HPS has been a topic of interest in most clinical investigations dealing with pathological alterations in the vasculature in patients with advanced LC, which is quite conceivable considering the prognostic impact of HPS and potential reversibility after LT [14] [15] [16] . Up to 40% to 60% of LC patients with normal levels of arterial blood gases have a positive contrast echocardiogram. This suggests that mild IPS, which is insufficient to alter gas exchange, is common [5, 17] . Thus, confining HPS has the potential drawback of inability to evaluate the full clinical spectrum of pathological pulmonary vascular alterations in LC. For comprehensive assessment of the clinical impact of pathological alterations in the pulmonary vasculature, we evaluated IPS severity before and after LT and sought to investigate the chronology of IPS reversibility.
It is conceivable to expect lower CaO 2 in patients with significant IPS, who definitely have a larger amount of right-to-left shunt. Thus, decreased CaO 2 is more like to be a result, rather than a cause of significant IPS. However, an interesting relationship between age and CaO 2 has been observed in our study. Both young age and lower CaO 2 were associated with significant IPS in unadjusted analysis (Table 2) , but after adjustment, only CaO 2 remained an independent variable. In patients with pulmonary arteriovenous malformation and normal liver function, CaO 2 was reported to decrease with age in a serial observational study [18] . Our data are not sufficient to evaluate whether LC patients have different relationship between age and CaO 2 , but it can be an interesting research hypothesis. Decreased precapillary arteriolar tone resulting in vasodilation and angiogenesis are two potential mechanisms for IPS in LC patients. Numerous humoral factors including nitric oxide, endothelin, tumor necrosis factor, and vascular endothelial growth factor, were reported to be associated with pulmonary vasodilation and angiogenesis in an animal model of HPS [2] . Although the precise mechanisms are not known, the evidence supporting involvement of many vasoactive and growth factors suggest that IPS development is a metabolically active process. Further investigation is necessary to find the precise molecular mechanisms of IPS development and the impact of age 
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on this pathway. In the literature, there were few clinical studies using repeated cTTE, from which limited information regarding the chronology of IPS or HPS reversibility after LT could be obtained [19, 20] . The prevalence of IPS in pediatric patients who underwent LT was reported to be 16.8% (18/107) and IPS showed complete regression in all patients during follow-up in one study [19] . The mean duration of IPS was reported 5.8 months (range, 1 to 16). This study showed higher post-LT morbidity and mortality in patients with IPS than those without IPS. The authors struggled with the prognostic impact of early assessment of IPS status. However, several issues need to be considered before general application of these observations to other patient groups. First, the patient ranged in age from 9 months to 16 years, with a median age of 2 years. Compared to adults, the subjects were exceptionally young and the prevalence of IPS was relatively low. More importantly, two-thirds (12/18 patients) showed only mild grade 1 IPS and six patients had significant IPS (IPS grade 2, 3, and 4). This distribution is quite different from that observed in adult LC patients. Inclusion of small numbers of patients with significant IPS seems to be another inherent limitation of the study.
Repeated cTTE and arterial blood gas analysis were done in 31 adult patients after successful LT and 100% of the HPS cases reversed within the first year post-LT [19] . This is consistent with other studies showing a 100% reversal rate in patients with HPS 6 to 18 months following LT [21, 22] . In this study, HPS reversed in 95.8% of the cases at 6 months, suggesting very rapid reversal of HPS after LT. However, the prevalence of negative cTTE, suggesting absence of IPS, was 69.2% at 6 months and 85.3% at 12 months. This represents a difference between HPS and IPS reversibility. Thus, HPS reversibility does not necessarily mean absence of IPS and our data showed that, although mild, persistent IPS was observed even 2 years after uneventful LT. These observations may support potential advantages of expansion of inclusion criteria from HPS to IPS for better appreciation of the pathological alterations of the pulmonary vasculature in LC patients. It is interesting to see that significant IPS could not be observed 12 months after LT in our study, showing similar chronology of HPS reversibility after LT [20] . After adjustment for pre-LT IPS grade, we confirmed time-dependent reversal of IPS after LT. However, our study could not explain why there might be a certain cutoff time point. It is impossible to determine which of the potential mechanisms of IPS, pulmonary arteriolar vasodilation and angiogenesis, is more susceptible to or dependent on a time factor. Considering the relatively long time duration, up to 12 months after LT, for near complete reversal of HPS and significant IPS, it is likely that normalization of conventional parameters of underlying liver function is not an adequate condition for IPS reversibility. Further investigations are necessary to understand the molecular mechanism for time-dependent reversal of IPS.
The prognostic impact of significant IPS needs to be re-defined. In a prospective, multicenter US study, no difference in severity of liver disease in patients with or without HPS was observed [23] . Patients with and without HPS did not significantly differ in LT waiting list survival or post-LT survival [20] . In our study, direct bilirubin level was the only variable associated with development of HPS. Additionally, Child-Pugh score was independently associated with significant IPS, suggesting that severity of liver disease is the main factor determining IPS and HPS. This was well demonstrated by the finding that, if LT could not be performed, patients with significant IPS showed lower survival rate than those without (Table 4 and Fig. 5B ). These observations may indicate that factors normally produced or metabolized in the liver could influence the lung microvasculature in susceptible individuals when hepatic function is altered [2] . The potential for preoperative testing for the severity of IPS to stratify patients for LT waiting list should be investigated.
As a retrospective analysis, there are several limitations in our study. Not all patients underwent cTTE after LT. Moreover, follow-up cTTE was not done at pre-specified intervals and the intervals between LT and follow-up cTTE were too broad (6 to 952 days). Although pre-LT IPS grade or severity of individual patient was adjusted to assess the relationship between post-LT IPS grade and follow-up duration after LT, which may support that our main contention is acceptable, a prospective study with repeated follow-up cTTE after LT is warranted. Use of an arbitrary definition of significant IPS needs further explanation. As a truly quantitative classification of IPS is impossible, certain cutoff www.kjim.org https://doi.org/10.3904/kjim.2017.152 value of IPS grade has been used in clinical studies. We excluded mild (grade 1) to moderate IPS (grade 2) from the definition of significant IPS, resulting in more strict definition of significant IPS in our study compared with other studies. Less than 50% of the patients (115/253) underwent arterial blood gas analysis and thus the real prevalence of HPS and its prognostic impact might not been adequately addressed.
In conclusion, significant IPS is a common complication of LC patients waiting for LT and is reversed after LT. Child-Pugh score representing underlying liver function, CaO 2 , and follow-up duration after LT were independently associated with pre-and post-LT IPS severity, respectively. These findings may support the idea that IPS development is an active metabolic pathway and these factors should be considered in the interpretation of IPS.
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